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ABSTRACT
We report the discovery of a radio loud quasar with a redshift of 4.30. This object, which
is the rst radio selected quasar with a redshift greater than four, was discovered during
an observational investigation into the evolution of the luminosity function of radio
loud quasars. Here we describe results based on a sample of 300, at spectrum radio
sources with S
5GHz
>200mJy. In this study, rather than carry out an indiscriminate
redshift campaign on all the radio sources, we have used the APM POSS catalogue to
preselect a subset of stellar-like optical counterparts with red optical colours. Such a
subsample is expected to contain a high fraction of high redshift quasars. 10 of the 300
sources were selected for follow-up optical spectroscopy and three of these are identied
as quasars with redshifts greater than 3.0. One of the radio sources, GB1508+5714, is
a quasar with z=4.30 and m(R)19.
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1 INTRODUCTION
Quasars, by virtue of their extremely high intrinsic luminosi-
ties over most of the observable electromagnetic spectrum,
should be detectable out to redshifts of more than 10. Thus
observations of high redshift quasars are powerful tools in
observational cosmology.
Whilst the rst quasars were identied via their ra-
dio emission, the majority of quasars are currently discov-
ered using optical survey techniques. This is primarily be-
cause the space density of radio-loud quasars is much lower
than that of optically-selected quasars. In the redshift range
2<z<4.5 the fraction of optically-selected quasars that are
radio-loud at even the mJy level is only 10% (McMahon
1991). However, it is possible to carry out surveys for radio-
loud quasars over very large areas of sky, and thereby still
obtain sucient numbers of sources for a statistical analysis
of their space density.
Radio selection is potentially more powerful than opti-
cal techniques since radio-selected QSO samples can be de-
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ned using simpler selection criteria, and their radio uxes
are unaected by any obscuration due to dust in foreground
galaxies. The spectral energy distribution of quasars at ra-
dio wavelengths is smooth and is not complicated by either
emission lines or redshift-dependent intervening absorption
so that the eects of k-corrections are easier to model. More-
over, since the mean spectral index of core-dominated, at-
spectrum radio sources is around 0.0, a higher fraction will
lie at high redshift compared with optical or X-ray sam-
ples which have typical spectral indices in the range  0.5 to
 1.0.
In this paper we describe initial results of a survey for
radio-loud quasars with redshifts greater than 3. The sur-
vey exploits the observation that quasars at high redshift
have redder optical colours than their low-redshift counter-
parts due to absorption by intervening Lyman-. Through-
out this paper we have assumed cosmological constants of
H
0
= 50km s
 1
Mpc
 1
and q
0
= 0:5.
2 THE RADIO SAMPLE AND THE OPTICAL
IDENTIFICATION PROCEDURE
The sample used in this study is a subset of the  1600
at-spectrum (
5GHz
1:4GHz
  0:5, S / 

) radio sources with
S
5GHz
> 0:2Jy studied with the VLA by Patnaik et al.
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(1992). This sample was chosen for the present study for
its relatively large area, suitable ux limit, high frequency
(5GHz) and content of at-spectrum sources.
The Automated Photographic Measuring (APM) facil-
ity at Cambridge was used to measure all the blue (O) and
red (E) POSS (Palomar Observatory Sky Survey) plates
within the limits 7
h
< (J2000) < 19
h
, 35

 (J2000) 
75

and j b j 30

(1.02sr). About 300 sources from an area
of 0.72sr within the above region were identied prior to the
scheduled observing run in April 1992.
Optical identications were made on the basis of posi-
tional coincidence alone. The rms dierence between optical
and radio positions, r, was found to be 0:7
00
and the cri-
terion for positional coincidence was dened as r  3:0
00
.
APM image classication software was used to classify
each object found on the E (reference) plate as stellar or
extended (ie galaxy/merged). The O and E catalogs were
then matched in position and a colour (O E) was calculated
for each object that appeared on both plates. Colour limits
of objects only detected on the E plate were also calculated.
This is important since many red objects are only detected
on the E plate.
The zero point for photometry in each eld was calcu-
lated by assuming the E plate has a limiting magnitude of
20.0 and by assuming a universal, magnitude independent
position in the colour-magnitude plane for the stellar locus,
as described in McMahon (1991). The zero point of the mag-
nitude system has an rms uncertainty of 0.25, derived from
the comparison of objects detected in the overlapping re-
gions of plates and CCD photometry in 11 of the elds used
in the identication procedure.
From the catalogue of optical sources within 3:0
00
of a
radio source and with E  19 we then constructed a list of
candidate high-redshift quasars for spectroscopic follow-up.
To be considered, an optical counterpart had to be classied
as stellar on the E plate and had to have a red O E colour.
In gure 1 we show the dependence of O E colour on red-
shift for a sample of optically-selected QSOs. The sample
consists of a selection of QSOs from the catalogue of Hewitt
& Burbidge (1989) supplemented by z > 3 objective prism
selected objects (eg. Hazard, McMahon, & Sargent 1986)
and objects from the APM BRI survey with z > 4 (Irwin,
McMahon & Hazard 1991).
Since we are primarily interested in z > 3 QSOs, we im-
posed a colour cut of O E>1.5. This colour selection elim-
inates the majority of the low-redshift quasars (see below).
This denes a complete sample of 10 objects, one of which
(B2 1048+3446) was a previously-known QSO with z =2.52
(Wampler et al. 1984). The remaining 9 objects were ob-
served spectroscopically as described below.
3 SPECTROSCOPIC OBSERVATIONS AND
RESULTS
Spectroscopic observations were rst carried out during the
period 20 April to 25 April 1992, with the 4.3m William
Herschel Telescope (WHT) and using the Faint Object Spec-
trograph (FOS) (Allington-Smith et al. 1989). FOS is a
cross-dispersed low resolution spectrograph and useful data
was obtained only in rst order (8.7

A/pixel) over the wave-
length range 5000{9500

A. Exposure times were short, typi-
Figure 1. O E vs z for a sample of optically-selected quasars
with a polynomial t superimposed. The horizontal line at
O E=1.5 shows the limit used to dene our complete sample.
Arrows represent lower limits on O  E for objects detected only
on the E plate.
cally 300secs and the spectra were adequate for initial clas-
sication and redshift determination.
The optical spectra of three of the target objects were
characterised by strong, broad emission lines. These objects
were identied as high-redshift quasars by the presence of
broad Ly (rest wavelength 1216

A) and CIV (1549

A) and by
the drop in ux across the Ly emission line caused by the
Ly forest. Subsequently, spectra of higher signal-to-noise
and at higher resolution were obtained of the two higher-
redshift objects, GB1508+5714 and GB1745+6227. These
spectra were obtained using ISIS (Intermediate-dispersion
spectrograph and Imaging System) on the WHT. On the red
arm a 158 l/mm grating and a EEV CCD with 1152x1242
22:5m pixels were used and on the blue arm a 158 l/mm
grating and a thinned Tektronix with 1024x1024 24m pix-
els.
The quasar GB1508+5714 was re-observed on 17th
April 1993 with the WHT and the ISIS double spectrograph.
Three 900s observations were obtained with the red arm and
two 1500s with the blue arm. The quasar GB1745+6227 was
observed on Aug 1 1992 within the context of the PATT
service observation program. Seven 900s observations were
obtained with the red arm and six 900s with the blue arm.
In both cases a 1:5
00
spectrographic slit aligned to the paral-
lactic angle was used. Red and blue observations of the ux
standards BD +26

2606 and BD +40

4032 were used to
obtain relative ux calibration over the observed wavelength
range for GB1508+5714 and GB1745+6227 respectively.
The redshifts of the three new quasars are 3.10, 3.89
and 4.30, the latter being the highest redshift radio-selected
quasar known. The properties of these quasars are sum-
marised in table 1. The spectra of the three objects are
shown in gure 2 and the determination of their redshifts are
discussed in turn below. A nding chart for GB1508+5714
is given in gure 3.
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Table 1. Properties of the new z > 3 quasars.
Name Optical position z E O-E S
5GHz
Feature 
obs
z
meas
 (B1950)  mag mag mJy

A
GB1508+5714 15 08 45.19 +57 14 02.6 4.301 0:006 18.9 >3.44 282 Ly 6451.1 4.305
NV 6566.3 4.295
CIV 8213.1 4.302
GB1745+6227 17 45 47.98 +62 27 55.2 3.889 0:001 18.3 2.61 580 Ly 5944.8 3.890
SiIV/OIV] 6833.3 3.889
CIV 7573.7 3.889
GB1338+3809 13 38 11.09 +38 09 53.5 3.103 0:002 17.9 1.71 305 Ly 4985.3 3.101
SiIV/OIV] 5737.2 3.104
CIV 6356.7 3.104
Redshifts were measured as described in the text, assuming rest-frame wavelenghts for the emission lines as follows: Ly:1215.7,
CIV: 1549.1, NV:1240.1, SiIV/OIV:1397.8. The radio uxes are from Gregory and Condon (1991).
GB1508+5714 Broad emission lines of Ly (rest wave-
length 1215.7

A), NV (1240.1

A) and CIV (1549.1

A) are visi-
ble in the spectrum. The CIV line is seen at 8213.1

A, (Gaus-
sian line centroid) giving a redshift of 4.30. The Ly line is
visibly a-symmetric due to absorption by intervening neu-
tral Hydrogen, hence its observed wavelength of 6451.1

A was
measured from the peak rather than by determining the cen-
troid of the line. This observed wavelength gives an upper
limit to the redshift of 4.31. NV is observed at 6566.3

A, giv-
ing a redshift of 4.30. Also visible in the spectrum is the weak
SiIV/OIV] blend at 7400

A. The redshift of this object was
taken to be 4.30.
GB1745+6227 Broad emission lines of Ly, NV and CIV
are visible in the spectrum. Again the Ly line has visible
absorption, and the bluer of the two peaks lies at an observed
wavelength of 5944.8

A giving an upper limit to the redshift
of 3.89. The CIV line has an observed wavelength of 7573.7

A,
giving a redshift of 3.89. The SiIV/OIV] blend is also visible
at 6833.3

A. Assuming a rest wavelength of 1397.8

A for this
line, this also gives a redshift of 3.89.
GB1745+6227 was independently discovered by Becker,
Helfand & White (1992) on the basis of its X-ray emission.
They report a redshift of 3.87, which is lower than our de-
termination. Stickel (1993) reports a redshift of 3.886.
GB1338+3809 Ly and CIV emission lines are clearly vis-
ible in the spectrum. The peak of the Ly line lies at an
observed wavelength of 4985.3

A giving an upper limit to
the redshift of 3.10. CIV is observed at 6356.7

A and the
SiIV/OIV] blend at 5737.2

A, both giving a redshift of 3.10.
Assuming a redshift of 3.10, the CIII emission line (rest
wavelength 1908.7

A) lies at 7825.7

A. However, this line is
extremely weak in this object and is bearly detected above
the continuum.
The remaining objects had no obvious emission features
in their spectra and are likely to be low-redshift (z < 0:5)
galaxies or BL Lac objects which are spatially unresolved at
the POSS resolution.
In summary, the complete sample of 10 objects dened
in section 2 contains 3 high-redshift quasars with redshifts
Table 2. Predicted and observed numbers of high-redshift, at
spectrum quasars.
Model Number
3.0<z<3.5 3.5<z<4.0 4.0<z<4.5 Total
(a) 3:8 :2 4:7 :3 3:3 :2 11:7 :7
(b) 1:5 :1 1:4 :1 0:70  :05 3:6 :2
(c) 0:89  :05 0:70 :04 0:28  :02 1:9 :1
Obs 1 1 1 3
of 3.10, 3.89 and 4.30, one previously-known z = 2:52 quasar
and 6 low-redshift objects.
4 DISCUSSION
We now compare the observed number of z > 3 quasars with
model predictions based on the luminosity function derived
at lower redshifts. The expected number of at-spectrum
quasars in our sample was computed using the z = 2 lu-
minosity functions derived from models 1  5 in Dunlop &
Peacock (1990), hereafter DP90. These DP90 models con-
cern the population of all at-spectrum radio sources which
is strongly dominated by quasars. We consider simple den-
sity evolution for z>2 and have computed the expected num-
ber for a constant comoving density and for cases where the
space density decreases by a factor of 2 and 3 per unit red-
shift from the z = 2 value (models (a), (b) and (c) in table 2
respectively). The predicted numbers have been calculated
for a survey area of 0.72sr and allow for incompleteness due
to the colour cut. The relative completeness has been cal-
culated by considering the residuals from a polynomial t
to the colour-redshift data in gure 1. The completeness in-
creases from  50% to  100% over the range 3:0 < z  3:5
and is  100% in the range 3:5 < z < 4:0. For z > 4:5 the
completeness of our survey drops rapidly due to absorption
of the E passband by the Ly forest. The mean and range
of predictions in the redshift range 3:0 < z < 4:5 are tabu-
lated in table 2 with the observed numbers. >From table 2
it appears that the numbers of quasars found in the range
3:0 < z < 4:5 are consistent with a model in which the co-
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Figure 2. Spectra of the three quasars with z > 3.
Figure 3. A nding chart for GB1508+5714. The central cross
is 1 arcmin across. The solid ellipses indicate objects classied
at `stellar' by the APM, and open ellipses represent extended
objects. North is at the top, West to the right.
moving density decreases by a factor of 2-3 per unit redshift
at redshifts above 2.
5 CONCLUSIONS
Whilst the original models of DP90 are well-constrained at
z  2, there is a large dispersion in the predictions of these
models for z > 3. Models 1 5 in DP90 predict that between
3 and 7 objects with 3:0 < z < 4:5 would be found in our
survey (allowing for incompleteness due to the colour cut).
The results presented here provide tighter constraints on
the luminosity function of radio-loud quasars with z > 3,
the subject of a later paper.
Extrapolating models (b) and (c) in table 2, we would
expect there to be between 1 and 5 radio-loud (S > 200mJy)
quasars between z = 5 and z = 6 over the whole sky (ie.
4sr). These objects will be among those too faint to be
identied on the POSS plates, hence we intend to obtain
deep CCD observations of the blank elds.
In the meantime we are extending our observations
of the 0.2Jy sample over an area more than four times
larger, to fainter optical magnitudes and identications
with O E1.0 in order to be more complete in the range
3:0 < z < 3:5. We are also studying fainter radio samples
(S > 100mJy). This will improve the statistics of our sam-
ple to lower radio powers and allow a more detailed analysis
of the luminosity function and its evolution at z > 2.
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